Deformation Analysis of Merapi Volcano Using DInSAR Method on ALOS/PALSAR Image by SUDIANA, Dodi et al.
The	7th	Indonesia	Japan
Joint	Scientific	Symposium	
(IJJSS	2016)	
Chiba,	20‐24	November	2016	
	
 
433 
 
Deformation	Analysis	of	Merapi	Volcano	Using	DInSAR	Method	
on	ALOS/PALSAR	Image	
Dodi	Sudianaa,	Retno	Wigajatri	Purnamaningsiha,	Sarah	Az	Zahraa,	Bambang	
Setiadib,	Josaphat	Tetuko	Sri	Sumantyob	
aDepartment	of	Electrical	Engineering,	Faculty	of	Engineering,	Universitas	Indonesia,	
Kampus	UI	Depok	16424,	Indonesia	
bJosaphat	Microwave	Remote	Sensing	Laboratory,	Center	for	Environmental	Remote	
Sensing,	Chiba	University,	1‐33	Yayoi‐cho,	Inage‐ku,	Chiba	263‐8522,	Japan	
	
	
Abstract	
	
Indonesia	 is	 a	 country	 that	 prone	 to	 natural	 disasters	 and	 based	 on	 its	 geological	
conditions,	Indonesia	is	circled	by	the	ring	of	fire.	Natural	disasters	such	as	earthquake,	
flood	and	volcanoes	(volcanic	and	tectonic)	are	often	occur.	Since	there	are	129	active	
volcanoes	in	Indonesia,	it	is	necessary	to	monitor	the	activity	of	the	volcano,	especially	
during	 active	 volcanic	 period.	 But	 dangerous	 areas	 around	 the	 volcano	 causing	major	
difficulties	 in	monitoring	 and	 direct	 observation.	 Therefore,	 volcano	monitoring	 using	
remote	 sensing	 technique	 is	 preferred.	 In	 this	 paper,	 we	 propose	 Differential	
Interferometry	 Synthetic	 Aperture	 Radar	 (DInSAR)	 method	 to	 detect	 vertical	 ground	
deformation	of	Mount	Merapi	before	and	after	the	eruption	in	2010	using	ALOS/PALSAR	
data.	Analysis	results	showed	that	the	deformation	obtained	from	26	October	2008	to	1	
February	2010	is	up	to	0.230	meters.	The	deformation	result	from	this	analysis	is	useful	
to	monitor	volcanic	activity	and	build	mitigation	plan	in	volcano	disasters	in	the	future.		
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1. Introduction	
Indonesia	is	a	country	that	prone	to	natural	disasters	including	volcanoes	due	to	
geological	conditions	that	put	Indonesia	in	the	ring	of	fire.	Located	at	the	confluence	of	
three	 major	 plates	 forming	 the	 Earth's	 crust,	 Indonesia	 has	 129	 active	 volcanoes,	 or	
around	13%	of	the	world's	volcanoes.	Java	Island	is	only	7%	of	Indonesia's	land,	but	its	
dense	population	(about	70%	of	the	total	population)	with	35	volcanoes,	causes	very	large	
potential	level	of	danger	of	volcanic	eruptions	(Pamungkas,	A.M.	et.al,	2014).	
Mount	 Merapi	 (elevation	 2,978	 m)	 is	 a	 volcano	 located	 in	 Central	 Java	 (25	
kilometers	north	of	Yogyakarta)	is	one	of	active	volcanoes	in	Indonesia.	It	erupts	every	5–
10	years	and	produces	Plinian	eruptions	every	century	(Agustan,	2010)(Surono,	et	al.,	
2012).	The	area	located	in	7°32’30”	S~110°26’30”	E,	where	Magelang	and	Yogyakarta	are	
the	nearest	large	town	(less	than	30	km	from	the	summit)	(Voight,	B.,	et.al,	2000).	Because	
of	 the	 proximity	 region	 of	 Mount	 Merapi	 to	 inhabitant,	 it	 is	 important	 to	 do	 the	
observations	and	actions	that	can	minimize	the	impact	of	volcanic	eruptions	(mitigation).	
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Merapi	had	three	unrest	periods	during	3	years:	2007,	2008,	and	2010.	The	first	two	were	
characterized	by	periodic	lava	dome	growth,	similar	to	Popocatépetl	and	Colima	[Simkin	
and	Siebert,	2002].	In	2010,	defined	as	the	century	eruption,	Merapi	produced	pyroclastic	
flows,	 ash	 plumes,	 and	 explosions	 between	 26	 October	 and	 2	 November	 2010.	 This	
eruption	resulted	in	the	death	of	400	people	and	the	evacuation	of	~400,000	(Chaussard,	
E.,	et	al.,	2013)(Pallister,	J.S.,	et	al.,	2012).	
One	method	of	monitoring	the	volcanic	activity	is	to	monitor	the	land	deformation	
in	 the	 volcano	 related	 to	 eruptions	 and	 other	 geological	 activities.	 These	 deformation	
observations	can	be	used	as	mitigation	because	it	is	one	indicator	that	can	be	trusted	as	
the	revival	of	volcanic	activity.	One	effort	in	monitoring	the	volcanic	activity	is	to	monitor	
the	surface	deformation	around	the	volcano.	The	volcano	deformation	can	be	caused	by	
changes	 in	pressure	or	movement	of	magma	deep	within	 the	Earth	 (Pamungkas,	A.M.,	
et.al,	2014).	In	addition,	analytical	data	derived	from	the	deformation	showed	the	rate	of	
magma	that	go	into	the	body	of	volcanic	and	magma’s	volume	vomited	in	case	of	eruption.	
In	 this	 paper,	 we	 propose	 Mount	 Merapi	 volcanic	 deformation	 using	 ALOS/PALSAR	
satellite	 data	 analyzed	 using	 Differential	 Interferometry	 Synthetic	 Aperture	 Radar	
(DInSAR)	 technique	 and	we	map	 the	 rate	 of	 deformation	 before	 and	 after	 the	Merapi	
volcano	eruption	in	2010.	DInSAR	technique	has	many	advantages	such	as	require	less	
SAR	imagery	scenes	by	diverse	spatial	acquisition	point,	good	level	of	coherence	on	the	
whole	set	of	interferogram	and	measurement	accuracy	level	up	to	centimeters.	
2. DInSAR		
Remote	sensing	is	the	science	(and	to	some	extent,	art)	of	acquiring	information	
about	the	Earth's	surface	without	actually	being	in	contact	with	it.	This	is	done	by	sensing	
and	recording	reflected	or	emitted	energy	and	processing,	analyzing,	and	applying	that	
information	 (CCRS,	 2016).	 Although	 not	 necessarily,	 remote	 sensing	 techniques	 in	
practice	often	involve	technologies	such	as	aircrafts	and	satellites.	
ALOS	is	a	Japanese	satellite	that	was	fully	equipped	with	technologies	to	observe	
the	 Earth's	 surface,	 which	 was	 launched	 by	 the	 Japan	 Aerospace	 Exploration	 Agency	
(JAXA)	on	January	24,	2006	(JAXA1,	2016).	ALOS	is	supplied	with	PALSAR,	a	microwave’s	
sensor	for	ground	observation	in	all	weather,	day	or	night	day	with	various	resolutions.	
PALSAR	operates	with	multiple	polarization	with	a	center	frequency	of	1270	MHz	and	a	
wavelength	of	23.6	cm.	The	ability	to	combine	the	polarization	mode	of	the	horizontal	(H)	
to	 vertical	 (V)	makes	 both	 received	 and	 transmitted	 signals	 can	 be	 produced	 in	 dual	
polarization	 (HH,	 HV,	 VH,	 VV).	 Standard	 data	 generated	 by	 PALSAR	 sensor	 can	 be	
classified	based	on	the	manufacturing	processes	and	modes	of	observation.	Generally,	the	
data	is	formatted	in	Level	1.0,	Level	1.1	and	Level	1.5		(JAXA2,	2016).	
	
2.1. Synthetic	Aperture	Radar	(SAR)	
 
Synthetic	 Aperture	 Radar	 is	 a	 radar	 system	 that	 produces	 images	 of	 remote	
sensing	which	 can	operate	day	or	 night	 (active	 system).	Basically,	 radar	 technology	 is	
applied	to	emit	radio	waves	to	an	object	and	then	the	received	reflection	is	recorded	to	
create	 the	 data.	 Changes	 in	 the	 object	 could	 be	 analyzed	 when	 the	 radio	 waves	 are	
reflected	and	represented	the	Earth’s	surface	changes.		
SAR	interferometry	or	InSAR	is	developed	to	get	topographic	maps	of	an	area	or	
topography	 for	 a	 given	 point	 on	 Earth's	 surface	 (Agustan,	 2010).	 The	 product	 of	 this	
technique	is	the	interferogram	obtained	from	the	cross	product	pixel	by	pixel	from	two	
SAR	images	(two	SLCs)	and	a	Digital	Elevation	Model	(DEM)	data	that	representing	the	
topography	 of	 the	 Earth	 (Bürgmann,	 et	 al.,	 2000).	 The	 illustration	 of	 retrieving	 the	
topography	of	the	Earth’s	surface	using	InSAR	technique	is	shown	in	Fig.	1.		
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Figure	1.	InSAR	technique	to	retrieve	the	Earth’s	topography
	
To	get	the	interferogram,	two	images	are	required:	master	and	slave	data,	where	
master	is	generally	the	data	being	scanned	beforehand	and	slave	image	is	the	following	
data.	The	interferogram	contains	amplitude	which	is	the	cross	product	of	the	amplitude	
of	the	two	image,	and	the	phase	is	a	phase	difference	between	the	images.	The	formula	of	
interferogram	and	phase	are	represented	in	Eq.	(2)	and	Eq.	(3),	respectively.	
	
ܫ݊ݐ݁ݎ݂݁ݎ݋݃ݎܽ݉ ൌ ݕሺ݉ܽݏݐ݁ݎሻ ∗ ݕሺݏ݈ܽݒ݁ሻ																																																																																																																	(1)	
	
ܫ݊ݐ݁ݎ݂݁ݎ݋݃ݎܽ݉	 ൌ ܣெܣௌ݁௜ሺథಾషథೄሻ		 																																																																																											(2)	
	
߶ீ ൌ 	߶ெି߶ௌ 	ൌ 	 ݐܽ݊ିଵ 	ቀଵோቁ 	ൌ െ	
ସ஠	ሺ	ோಾషோೄሻ
஛ 																																																																																(3)	
	
where:		 ߶ீ		 =	Interferometric	phase		 ܴெିܴௌ		=	Distance	between	satellite	and	object			 	λ		 =	SAR	wavelength		
	
	 Since	there	are	two	different	observation	times,	the	orbit	of	the	satellite	on	the	
two	image	is	not	exactly	the	same.	The	distance	between	the	two	positions	of	the	satellite	
known	 as	 the	 baseline	 (B),	 and	 can	 be	 decomposed	 into	 parallel	 and	 perpendicular	
baseline,	respectively.	Based	on	geometry	of	InSAR	illustration	shown	in	Fig.	1,	high	point	
(G)	of	the	surface	of	the	Earth	(ܪீ)	on	the	surface	of	a	reference	to	the	phase	difference	(∂߶)	can	be	defined	by	Eq.	(4)	and	Eq.	(5).	
		
ܪீ ൌ ఒோಾୱ୧୬൫஘
బ
ಸ൯
ସగ୆ బ఼,ಸ
∂߶		 	 																																	 																																																													(4)	
	
B ଴ୄ,ீ ൌ ܤܿ݋ݏሺθ ଴ீ െ ߙሻ																																																																																																																											(5)	
	
where:		 θ ଴ீ		 =	Look	angle	point	(G)			 ߙ		 =	Baseline	angle	of	the	satellite	
	
∂߶	 can	 be	 replaced	 by	 2π	 to	 get	 high	 ambiguity	 (݄௔ )	 which	 can	 be	 interpreted	 as	 a	difference	in	altitude	that	produce	interferometric	phase	change	of	2π	after	flattening	the	
interferogram.	High	ambiguity	is	associated	with	the	difference	orbit	between	image	and	
change	of	the	same	height	will	produce	a	single	fringe	ha	as	expressed	in	Eq.	(6).	
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݄௔ ൌ ఒோಾୗ୧୬൫஘
బ
ಸ൯
ଶ୆ బ఼,ಸ
		 																																																																																																																									(6)	
	
Fringe	is	a	ring	of	color	that	has	the	same	phase	in	the	interferogram	and	depends	
on	baseline	parameters.	Fringe	on	the	interferogram	is	not	directly	represent	height	or	
altitude	because	the	phase	shown	is	still	a	relative	one.	Therefore,	unwrapping	process	is	
necessary	 to	 obtain	 the	 absolute	 phase.	 In	 addition,	 the	 interferogram	 also	 contains	 a	
phase	difference	caused	by	unevenness	and	sources	of	decorrelation	that	occur	between	
two	observation	times.	Sources	of	decorrelation	such	as	temperature,	geometry	center	
Doppler,	time	and	volume,	resulted	in	interpolation	and	coregistration	errors.	
	
2.2. Differential	Interferometric	Synthetic	Aperture	Radar	(DInSAR)	
 
Differential	 interferometry	 or	 DInSAR	 is	 used	 to	 compensate	 the	 effect	 of	
topography	on	an	interferogram	using	a	Digital	Elevation	Model	(DEM).	The	technique	is	
used	 to	 eliminate	 the	 contribution	 of	 the	 topography	 phase	 of	 the	 area	 studied.	 The	
product	of	interferometry	is	an	image	that	is	often	referred	to	differential	interferogram.	
This	 interferogram	 contains	 information	 regarding	 the	 phase	 change	 caused	 by	
deformation.	
Interferometric	 phase	 contains	 topographic	 information	 from	 the	 topographic	
profile	 ( ϕ୲୭୮୭ ),	 the	 difference	 in	 orbital	 trajectory	 ( ϕ୭୰ୠ ),	 deformation	 ( ϕୢୣ୤୭ ),	
atmosphere	(ϕୟ୲୫)	and	noise	phase	(ϕ୬୭୧ୱୣ)	and	can	be	rewritten	as	Eq.	(7).		
∅ீ ൌ ∅௖௨௥௩ ൅ ∅௧௢௣௢ ൅ ∅௢௥௕ ൅ ∅ௗ௘௙௢ ൅ ∅௔௧௠ ൅ ∅௡௢௜௦௘																																																																(7)	
	
Therefore,	deformation	associated	with	a	shift	in	the	Earth's	surface	point	based	InSAR	
technique	can	be	estimated	by	eliminating	other	unwanted	signals.	For	the	detection	of	
ground	deformation,	the	Differential	InSAR	(DInSAR)	is	defined	as	the	reduction	phase	of	
the	topography	of	the	interferogram.	Phase	topography	can	be	obtained	by	simulating	the	
DEM	derived	 from	 topographic	maps,	 survey,	 or	 from	other	 satellite	 data	 such	 as	 the	
Shuttle	Radar	Topography	Mission	(SRTM).	The	DInSAR	technique	is	also	known	as	two‐
pass	differential	interferometry	because	it	needs	only	two	SAR	images.	The	technique	is	
performed	by	subtracting	the	original	interferogram	obtained	from	the	two	SAR	images	
with	the	interferogram	retrieved	from	DEM	simulation.	
2.3. Data	and	Image	Processing	
 
We	used	ALOS/PALSAR	data	in	Mount	Merapi	and	its	surrounding	districts	in	Yogyakarta	
Province	in	raw	format	(level	1.1)	with	single	and	dual	polarization,	respectively.	Shuttle	
Radar	Topography	Mission	(SRTM)	DEM	on	Yogyakarta	with	grid	resolution	90	m	is	used	
as	DEM	data	(CGIAR‐CSI,	2016).	Table	1	showed	the	ALOS/PALSAR	satellite	data	that	are	
used	in	the	research.		
	
Table	1.	ALOS/PALSAR	satellite	data	used	in	the	simulation	
No.	 Date	 Level	 Off	Nadir	Angle	 Polarization	 Status	Data	
1	 26/10/2008	 1.1	 34.3	 HH	 Master	
2	 01/02/2011	 1.1	 34.3	 HH+HV	 Slave	
	
The	flow	chart	of	ALOS/PALSAR	data	processing	to	generate	a	deformation	map	using	
DInSAR	technique	is	shown	in	Fig.	2.	
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Figure	2.	Flowchart	of	ALOS/PALSAR	Data	Processing	for	DInSAR	Process	
3. Analysis	Results	
Interferogram	obtained	from	pixel	by	pixel	cross	product	of	master	and	slave	SLC	is	
then	converted	into	DEM	representing	the	topography	of	the	Earth	derived	from	the	two	
SAR	images.	The	filtering	process	is	carried	out	to	reduce	noise	in	the	image.	Coherence	
values	with	below	0.2	are	not	considered	for	the	next	process	as	it	will	affect	the	quality	
of	measurement	 of	 the	 interferometric	 phase.	 Coherence	 is	 the	 key	 product	 of	 InSAR,	
where	areas	with	high	coherence	will	give	good	estimates	of	altitude.	The	magnitude	of	
coherence	can	be	used	to	determine	the	quality	of	deformation	information.	This	process	
is	also	performed	to	extract	 the	information	about	the	object	on	the	surface	related	to	
varied	backscattering	coefficients.	The	results	of	 these	two	processes	are	 illustrated	 in	
Fig.	3(a)	and	3(b),	respectively.	
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(a)	 (b)
Figure	3.(a)	Coherent	interferogram;	(b)	Filtered	interferogram	
	
Interferogram	which	has	been	flattening	give	ambiguous	terrain	elevation	cycle	
of	 2π	 of	 interferometric	 phase,	 therefore,	 phase	 unwrapping	 is	 applied.	 This	 process	
would	eliminate	ambiguous	elevation	values	and	adding	multiple	scaling	of	(2π)	to	the	
interferometric	 fringe.	This	process	 is	aimed	to	make	periodic	phase	can	be	calculated	
without	being	obstructed	with	cycle	phase	and	the	most	important	stage	for	lowering	the	
DEM	information	since	it	determines	the	accuracy	of	the	deformation	information.	The	
method	 of	 phase	 unwrapping	 in	 this	 step	 used	 the	 minimum	 cost	 flow	 with	 a	 local	
approach	that	unwrap	a	pixel	based	on	the	neighbor	pixels	and	finally	the	result	is	shown	
in	Fig.	(4)	
	
Figure	4.	Result	of	Phase	Unwrapping
	
Figure	5	showed	the	peak	area	of	Mount	Merapi	that	has	a	significant	elevation	
difference	with	the	surrounding	area	that	has	lower	elevation.	
	
Figure	5.	Phase	unwrapped	image	after	filtering	
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The	next	process	 is	 refinement	 and	 reflattening	which	 aimed	 to	 eliminate	 two	
phases:	 topography	and	noise	phases.	 It	 is	necessary	 to	choose	Ground	Control	Points	
(GCPs)	first	as	references	for	phase	unwrapping	and	filtered	interferograms.	The	GCPs	
must	meet	the	following	criteria:	
1. GCP	must	lie	on	the	residual	orbital	fringes	
2. GCP	should	not	be	located	on	the	topography	or	shift	fringes	
3. GCP	should	be	located	in	areas	with	high	coherence	(bright	area)	
4. GCP	should	be	distributed	well	in	the	area	
Refinement	 and	 reflattening	 are	 very	 important	 steps	 for	 correcting	 the	 phase	
information	that	has	been	unwrapped	or	shifted	before	converted	to	height	values.	These	
two	results	are	shown	in	Fig.	6(a)	and	Fig.	6(b),	respectively.		
	
(a)	 (b)
Figure	6.	(a)	Re‐flattened	interferogram;	(b)	Re‐flattened	unwrapped	phase	
	
The	next	process	is	converting	the	phase	to	the	height/shift	value	and	geocoding.	
The	values	of	the	absolute	phase	is	calibrated	and	combined	with	the	unwrapped	phase	
of	 synthetic	 phase	 and	 converted	 into	 height	 profiles.	 The	 data	 is	 the	 geocoded	 and	
projected	 into	 a	 map	 projection.	 This	 step	 is	 almost	 the	 same	 as	 previous	 geocoding	
procedure,	except	that	the	Range‐Doppler	equation	is	applied	simultaneously	to	the	two	
antennas,	making	it	possible	to	get	not	only	the	height	of	each	pixel,	but	also	the	location	
(Easting,	Northing)	in	the	geodetic	reference	system	as	shown	in	Fig.	7.	
	
Figure	7.	Result	of	conversion	to	height	value
	
Mapping	 the	 interferometry	 is	 performed	 to	 generate	 Digital	 Elevation	 Model	
(DEM)	data	by	radar	interferometry.	The	shifting	information	is	obtained	by	combining	
both	SAR	imageries.	Information	about	the	rate	deformation	of	ground	surface	area	on	
  	
 
440 
 
Mount	Merapi	by	using	the	ALOS/PALSAR	data	on	October	20,	2008	(before	eruption)	
and	February	1,	2011	(after	eruption)	is	shown	in	Fig.	8.	
	
Figure	8.	Result	of	DInSAR	Mt.	Merapi	land	deformation	
	
As	seen	in	Fig.	8,	the	rate	of	deformation	is	diverse	and	the	area	around	the	Mount	
Merapi	is	subsided	as	shown	in	green	area,	or	negative	values	of	land	deformation	in	the	
figure.	A	negative	value,	or	green	to	blue	grades	in	the	color	scale	means	that	the	surface	
moving	 away	 from	 the	 satellite	 position,	while	 yellow	 to	 red	 areas	mean	 the	 positive	
deformation	that	the	surface	is	moving	toward	the	satellite	position.	We	found	that	the	
land	 deformation	 reached	 about	 +0.320	 meters	 that	 occur	 around	 the	 crater	 of	 the	
volcano,	as	seen	as	orange	color	from	the	image.	While	in	the	foot	of	the	mountain,	there	
is	a	negative	deformation	about	‐0.080	meters	as	marked	in	green	area.	This	deformation	
caused	 by	 inflation	which	 is	 generally	 caused	 by	 the	 pressure	 of	magma	 in	 volcanoes	
pressed	toward	the	surface	of	the	Earth.	This	phenomenon	happened	not	so	long	before	
the	eruption	of	the	Merapi.	On	the	other	hand,	deflation	occurred	after	the	eruption	where	
magma	has	been	pressed	towards	the	surface	so	that	there	are	no	longer	objects	to	press	
on	the	volcano.	Since	the	vacancy	occurs	on	the	volcano,	the	soil	in	the	area	is	subsided	at	
a	certain	 level.	The	deformation	 result	still	 contain	noise	 in	 the	 form	of	black	spots	or	
holes	in	the	image	caused	by	the	imperfect	filtering	results.	
4. Conclusions	
The	 simulation	 results	 showed	 that	 the	 land	 deformation	 on	 Mount	 Merapi	 and	 its	
surroundings	between	2008‐2011	is	about	0.320	meters	in	the	area	around	the	crater.	
But	in	the	foot	of	the	mountain	there	is	a	land	subsidence	up	to	‐0.080	meters.		
To	increase	the	accuracy	of	the	deformation	level,	DInSAR	method	should	be	improved	
using	more	accurate	filters	and	increasing	the	number	of	image	data	to	get	a	model	active	
volcano	deformation	during	the	shorter	period.		
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